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Abstract 
Controller Board Prototype Development for the Cal Poly SuPER Project 
Clifford Susa 
Now in phase two of development, the Cal Poly Sustainable Power for Electrical Reources 
(SuPER) project will provide power to families for an estimated lifespan of 20 years at a cost of 
$500. Phase two of the SuPER project looks at implementing microcontrollers to monitor the 
health and status of the system. This senior project looks specifically at the performances of the 
SuPER Controller which communicates with the SuPER Digitizer to gather data such as voltage, 
current, temperature, and power. An SD memory card will store this data, and to view this data, 
then download to a PC. 
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I. Introduction  
 There are two billion people in the world who do not have access to electricity. To 
implement a traditional infrastructure to provide electricity to these people would be very 
expensive and take a long time to implement. However an alternative to traditional 
infrastructures is a project by the California Polytechnic State University called the Cal Poly 
Sustainable Power for Electrical Resources (SuPER Project). This project is being developed to 
offer sustainable electricity for the two billion people who do not have access to electricity with 
the overall goal that this system will provide a family the electrical power needs for over 20 
years at a total cost of $500 dollars. The project is now in phase two of its development process, 
a phase which was developed by Matt Camack[1]. His thesis provides ways for system elements 
to be more reliable and maintainable over the lifetime of the system.  
 To help maintain the lifetime of the system there needs to be a system to help control and 
monitor the status of various loads and components on the system. In previous phases a laptop 
was used to control the system which works but there are downsides in having a laptop which 
mainly is the cost, the size, and the large power consumption. Other phases of the project tried 
using an FPGA to control and monitor the system which would reduce the cost, size, and power 
consumption [2] [3]. However trying to implement this system became complex and not very 
maintainable. Now in phase two of the project we are exploring the use of microcontrollers 
which are cheaper, less complex, and consume less power than the components used in earlier 
phases of the project. Matt Camack’s thesis designed a project called the SuPER Controller. This 
project will keep the system in an operational state by communicating with the SuPER Digitizer 
which collects data from many sensors on the system and sends it to the SuPER Controller to 
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monitor the voltage, current, power, and temperature of all the various components and loads in 
the system [1]. 
 This document is divided into 6 sections background, requirements, design, testing, 
conclusion, and appendices. The background contains information about the different types of 
communication used in the development of the SuPER Controller. The requirements section 
provides information on how the SuPER Controller will accomplish collecting and viewing the 
data from the SuPER Digitizer. The design section contains hardware and software diagrams, 
parts list, and subsections that provide information about how the SuPER Controller implements 
the requirements specified. The testing section gives information about the performance of the 
SuPER Controller. The conclusion states the findings during the development of the SuPER 
Controller and the recommendations for future students to look at when continuing the project. 
Appendix A contains notes about lessons learned during the development of this prototype. 
Appendix B has information about what is on the software CD. Appendix C shows a table that 
links the PICtail™ Plus Connector to the PIC24FJ256GB110 and Appendix D is a senior project 
design analysis. 
II. Background 
The SuPER Controller is a project designed by Matt Camack to be the main hub of 
communication with the SuPER system. The SuPER Controller when developed will be able to 
send out commands, receive and store data, and allow a user to interact with the system [1]. This 
project focuses on a few elements to bring the SuPER Controller closer to completion. First there 
is the receiving of data using Inter-Integrated Circuit™ (I2C™) communication from the SuPER 
Digitizer. Second there is the storing of data onto a Secure Digital (SD) memory card through the 
Serial Peripheral Interface. Lastly there is the Universal Serial Bus (USB) link between the 
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SuPER Controller and a PC to download the data stored on the SD memory card, and eventually 
provide a user interface to manually control the system. 
a. Inter-Integrated Circuit™ (I2C™)  
I2C™ also known as two-wire interface was developed by Philips Semiconductor in the 
early 80’s to allow communication between components. The reason it is also known as two-
wire interface is because there are only two lines for communication. One of the lines is the 
Serial Data Line (SDA) and the other is the Serial Clock (SCL). Since the architecture only 
has one data line this mode of communication can only support half duplex transmission. To 
learn more about the specifics on how to setup I2C™ communications please refer to the 
datasheet [4] [5]. 
b. Serial Peripheral Interface (SPI)  
 SPI sometimes also known as four-wire interface was developed by Motorola. This mode 
of communication operates at full duplex because of the architecture having two data lines. 
One data line is called Serial Data In (SDI) and the other is Serial Data Out (SDO). Another 
naming convention for these two lines is Master Output Slave Input (MOSI) and Master 
Input Slave Output (MISO). Aside from the two data lines there is also a Serial Clock (SCK) 
and a Slave Select (SS). To learn more about the specifics on how to setup SPI 
communications please refer to the datasheet [4] [7]. 
c. Secure Digital (SD) Memory Card  
SD is a non-volatile memory card which was developed by the SD Card Association to 
use in portable devices. In the SD memory card family there are three physical sizes 
standard, mini, and micro. Also, most SD memory cards come preformatted with FAT16 file 
system. The primary way to communicate with the SD memory card is with SPI on 
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microcontrollers. To learn more about the specifics for the SD memory card refer to the 
datasheet [8]. 
d. Universal Serial Bus (USB)  
USB was invented and developed by Ajay Bhatt while working for Intel. The USB has 
now become a common way to establish communication between devices and a host 
controller such as a PC. For the SuPER project case the USB is being used to connect the 
microcontroller to a PC to download the information stored on the SD memory card. There 
are four lines for the USB connection Data + (D+), Data – (D-), 5V (VBUS), and ground 
(GND). To learn more about the specifications of USB communication please refer to the 
datasheet [4] [9]. 
III. Requirements 
This section contains the requirements from Matt Camack’s thesis for the prototype of 
the SuPER Controller in section a, the specification for this senior project in section b, and 
the interface control document in section c. 
a. System Requirements for Phase II System 
1. The SuPER controller shall provide a real time clock/calendar (RTCC) function for 
time stamping data entries into the Secure Digital (SD) memory card. 
2. The SuPER controller shall provide a Serial Peripheral Interface (SPI). 
3. The SuPER controller must be able to read and write to an SD memory card over the 
SPI interface. 
4. The SuPER controller must be able to write 10-bit A/D measurements to the SD 
memory card. 
5. The SuPER controller must time stamp data that is stored in the SD memory card. 
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6. The SuPER controller shall provide an Inter-Integrated Circuit (I2C™) interface. 
7. The SuPER controller shall be able to receive 10-bit sensor values. 
8. The SuPER controller shall provide a USB interface. 
9. The USB interface shall be able to send stored data on a SD memory card to a PC. 
b. Senior Project Specifications 
This senior project used the requirements from section IIIa along with the following 
specifications. 
1. The SuPER Controller will use the I2C™ interface to receive data from the SuPER 
Digitizer. The data sent from the SuPER Digitizer will follow the ICD set  in section 
3c.  
2. The SuPER Controller will communicate with the SD memory card using SPI. The 
controller board will then create a comma separated value file (CSV) to store the 10-
bit A/D measurements on the SD memory card. It will store month, date, year, time, 
voltage, current, temperature, power as seen in Table 3-1. The month, date, year, time 
will be taken from the Real Time Clock and Calendar (RTCC) on the microcontroller. 
The file creation and data storing on the SD memory card will be handled by the use 
of Microchip’s Memory Disk Drive File System (MMDFS). The MMDFS supplies 
all the Application Programming Interfaces (API) needed to communicate to the SD 
memory card through the SPI. 
Table 3-1: CSV File Format 
Date Time Voltage (V) Current (A) Temperature (ºC) Power (W) 
mm/dd/yyyy hh:mm:ss xx.xx xx.xxx +/- xxx xxxx 
 
3. The SuPER Controller will communicate with a PC through the USB. The SuPER 
Controller will act as a device when connected to a PC through the USB. The USB 
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connection will be handled by Microchip’s USB Framework which provides the 
necessary APIs to allow the SuPER Controller to be viewed as a device on the PC. 
c. Interface Control Document Specification 
The figures below show the bytes that pass between the SuPER Controller and the 
SuPER Digitizer. Figure 3-2 shows the header byte which tells the SuPER Controller 
what type of measurements will follow the header. Figures 3-3 through 3-6 shows the 
formats of the measurements. Figure 3-1 shows an example of how the data will be sent 
across I2C™. 
Header Voltage Current Power Temperature
 
Figure 3-1: Data Example 
Header Byte 
Bit 7 6 5 4 3 2 1 0 
Data - - - - P T I V 
Figure 3-2: Header Byte 
• Bit 7:4 – Reserved 
These bits are reserved for future expansion on the SuPER Project such as 
keeping track of which load the data came from.  
• Bit 3 – P: Power Measurement 
1 = Next byte contains a power measurement. 
0 = Next byte does not contain a power measurement. 
• Bit 2 – T: Temperature 
1 = Next byte contains a temperature measurement. 
0 = Next byte does not contain a temperature measurement. 
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• Bit 1 – I: Current 
1 = Next byte contains a current measurement. 
0 = Next byte does not contain a current measurement. 
• Bit 0 – V: Voltage 
1 = Next byte contains a voltage measurement. 
0 = Next byte does not contain a voltage measurement. 
Voltage Byte 
Bit 7 6 5 4 3 2 1 0 
Data Whole Number Decimal 
Figure 3-3: Voltage Byte 
• Bit 7:2 – Whole Number 
This data contains the whole number representation of the voltage measurement 
in volts. 
• Bit 1:0 – Decimal 
This data contains the decimal number representation of the voltage measurement 
in volts. 
Current Byte 
Bit 7 6 5 4 3 2 1 0 
Data Whole Number Decimal 
Figure 3-4: Current Byte 
• Bit 7:3 – Whole Number 
This data contains the whole number representation of the current measurement in 
amps. 
 
 
8 
 
 
• Bit 2:0 – Decimal 
This data contains the decimal number representation of the current measurement 
in amps. 
Temperature Byte 
Bit 7 6 5 4 3 2 1 0 
Data +/- Whole Number 
Figure 3-5: Temperature Byte 
• Bit 7:0 – Whole Number 
This data contains the whole number representation of the temperature 
measurement in degrees Celsius. 
• Bit 7 – Sign Bit 
1 = Negative temperature 
0 = Positive temperature 
Power Byte 
Bit 7 6 5 4 3 2 1 0 
Data Whole Number 
Figure 3-6: Power Byte 
• Bit 7:0 – Whole Number 
This data contains the whole number representation of the power measurement in 
watts. 
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IV. Design  
The design of the SuPER Controller was divided into hardware and software to meet the 
requirements sections III. This section contains a parts list, simple hardware model, and a 
software flow chart. A block diagram as shown in figure 4-1 shows how the SuPER Controller 
hardware all connects together. Also a detailed hardware wiring schematic is shown in figure 4-
2. 
PIC24FJ256GB110
SD Memory Card
PCSuPER Digitizer(Explorer 16)
SP
I
USBI2C™ 
SuPER Controller
 
Figure 4-1: SuPER Controller Simplified Hardware Model 
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Figure 4-2: Hardware Wiring Schematic
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a. Hardware  
Table 4-1: Parts List  
Part Part Number 
1. Microchip Explorer 16 Development Board DM240001 
2. Prototype PICtail™ Plus Daughter Board AC164126 
3. PICtail™ Daughter Board for SD™ and MMC Cards AC164122 
4. PIC24FJ256GB110 MA240014 
5. SD Memory Card 385-1049-ND 
6. USB Female Type B Connector PRT-08944 
7. USB Female Type B Breakout Board PRT-09109 
8. Male to Female Jumper Wire Cable PRT-09139 
9. Male to Male/Female to Female Jumper Wire Cable PRT-09194 
10. USB A/B Cable CAB-00512 
11. Various Resistors and Capacitors  
 
Table 4-1 shows the parts list used for this prototype of the SuPER Controller. Parts 1-4 
can be ordered at Microchip Direct. Part 5 can be ordered at Digikey. Parts 6-10 can be 
ordered at Sparkfun. The Explorer 16 is the development board which gives access to all the 
pins on the PIC24FJ256GB110. To get access to the pins the Prototype PICtail™ Plus 
Daughter Board must be used in the PICtail™ Plus Connector. The PICtail™ Daughter 
Board for SD™ and MMC Cards is used for connecting the SD memory card to the SPI on 
the microcontroller. The breakout board for the USB connector is used to create a prototype 
solution for using a USB connection to the microcontroller. 
b. Software  
Figure 4-3 shows the main software flow chart for the SuPER Controller. The left side of 
the figure shows the initialization for each of the different peripherals on the microcontroller. 
The right side of the figure shows what is going on in the main loop in order for the SuPER 
Controller to read the SuPER Digitizer and store the data onto an SD memory card. The flow 
chart however does not show the interrupts because interrupts break the flow of control. 
Interrupts break the flow of control because once interrupts are enabled an interrupt can 
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happen any time in the software which allows the interrupt vector detected to run. For the 
case of the SuPER Controller there is a USB interrupt to detect when the microcontroller is 
connected to a PC. Once the microcontroller knows that it is connected to the PC the 
microcontroller allows the user to be able to read and write to the SD memory card. In the 
case of the SuPER Digitizer there is an I2C interrupt that is used whenever the SuPER 
Controller sends out a read request. During this interrupt the SuPER Digitizer sends out five 
bytes of data which consist of one byte as a header and the other four bytes of measurements.  
Initialize RTCC
Start
Initialize USB
Device Stack
Initialize USB
Device Interrupt
While(1)
Initialize SPI
Initalize SD Stack
Switch Pressed?
Read
SuPER Digitizer
File Exists?
Yes
Create File
SD card
Detected?
Yes
No
Write to
SD Memory Card
No
Close FileNo
Detach USB
Yes
Attach USB
 
Figure 4-3: SuPER Controller Flow Chart 
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c. Controller Board to Digitizer Board Interface  
The SuPER Controller interfaces with the SuPER Digitizer using I2C™. The I2C™ has 
two lines SDA and SCL. The PIC24FJ256GB110 has three I2C™ modules. For this project 
I2C™ module one was used. All three of the modules are identical in use and setting up. In 
an I2C™ system the I2C™ module can operate as a slave, master device in a single master 
system, or master/slave device in a multi-master system. For this prototype of the SuPER 
Controller the I2C™ module will be setup as a master and the SuPER Digitizer as the slave. 
The hardware connections are shown in Figure 4-4 and Figure 4-5. Figure 4-4 shows a 
pull up resistor for each of the lines. These resistors are not built into the chip or the explorer 
16 board. The Microchip documentation says a typical value for the pull up resistor is 4.7kΩ  
[5]. For the prototype the pull up resistor values were 5kΩ. If necessary the documentation 
also provides equations to calculate resistance values [5]. Figure 4-5 shows VDD = 3.3V. 
This voltage can come from the microcontroller. 
SuPER Controller SuPER Digitizer
5 kΩ 5 kΩ 
SDA
SCL
VDD VDD
 
Figure 4-4: I2C™ block diagram 
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5 kΩ 5 kΩ 
RG2
SCL1
RG3
SDA1
3.3V
VDD
SuPER Controller
Explorer 16
PICTail™ Plus
Connector
RA2
SCL2
RA3
SDA2
SuPER Digitizer
Explorer 16
PICTail™ Plus
Connector
 
Figure 4-5: I2C™ Pin Diagram 
The software implementation for the I2C™ makes use of the API’s provided by the 
Microchip C30 compiler which makes it convenient to setup I2C™. Appendix A gives 
instructions on where to find and how to use the API’s in the C30 compiler. Figure 4-6 shows 
the process to read data from the SuPER Digitizer. The master sends a start bit then the seven 
bit address of the slave plus the read/write bit. The slave then sends an acknowledge bit in 
order for the master to receive data from the slave. The slave can now send data in one byte 
chunks along with an acknowledge bit. The master stops receiving data when the slave sends 
a not acknowledge bit and the master sends a stop bit to close the I2C™ lines. 
Start Address + R/W AcknowledgeIdle Data NACK Stop
 
Figure 4-6: I2C™ Read from Slave 
The frequency of the SCL is determined by the master. Typical frequencies can range 
from 100 kHz to 1MHz depending on the system. The SuPER Controller in its current state is 
configured to a frequency of 347.8 kHz. This configuration and design for  SuPER Controller 
to SuPER Digitizer board interface accomplishes the read from Digitizer board process in 
figure 4-3. For more details on I2C™ for the PIC24FJ256GB110 refer to the data sheet [4] 
[5] and also to Appendix A. 
 
15 
 
 
d. Data Logging  
The PICtail™ Daughter Board for SD™ memory card interfaces with the 
PIC24FJ256GB110 through the SPI. The PIC24FJ256GB110 has three SPI modules which 
are all identical. The main challenge of this part of the project was being able to read and 
write from the SD memory card once the SPI was setup. However thanks to Microchip one 
of their demo programs gives a clear example on how to read and write to an SD memory 
card.  For more information about this example please refer to Appendix A. Using this demo 
as the foundation for the data logging portion of the SuPER Controller the project could 
continue moving forward. The demo program showed how to interface the 
PIC24FJ256GB110 to an SD memory card using Microchip’s Memory Disk Drive File 
System (MMDDFS). The MMDDFS has API’s and all the necessary files to be able to read 
and write to an SD memory card. This demo program was extremely useful because creating 
drivers and understanding the process to setup a file system is a project on its own. For more 
information on MMDDFS please refer to the datasheet [7]. 
Figure 4-7 shows the signal lines between the two pieces of hardware. SPI only uses 
SCK, SDI, SDO, and CS. The Card Detect (CD) and Write Protect (WD) signal lines are 
specific to SD memory cards and don’t involve the SPI. Figure 4-8 shows the pin 
connections for the two hardware pieces. As seen in Figure 4-9 the daughter board has 
multiple ways of connecting to the Explorer 16. One way is to insert the board into the 
PICtail™ Plus connector and the second way is use the headers on the board. For this 
prototype of the SuPER Controller the headers on the daughter board were used to connect to 
the PICtail™ prototype connector. Also the jumper one, two, and three on the daughter board 
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need to be connected to pin 2-3. For more information on the daughter board please refer to 
the datasheet [9]. 
PIC24FJ256GB110 SD™  Memory CardDaughter Board
SCK
SDI
CD
WD
CS
SDO
 
Figure 4-7: SPI Block Diagram 
RF6
SCK1
RF7
SDI1
3.3V
VDD
RF8
SDO1
RF0
CD
RF1
WD
RB2
CS1
GND
GND
Explorer 16
PICTail™ Plus
Connector
RC3
SCK
RC4
SDI
RC5
SDO
RB4
CD
RA4
WD
RB3
CS
GND
GND
VPIC
VDD
SD™ Memory Card
Daughter Board
 
Figure 4-8: SPI Pin Diagram 
 
Figure 4-9: PICtail™ Daughter Board for SD™ and MMC Card 
SPI works similar to I2C™ except instead of sending an address plus R/W byte the 
master toggles the CS line it wants to communicate with. Once that line is toggled the two 
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devices can communicate with each other at full duplex because it has an SDI and SDO line. 
The frequency range for the SCK line can be from 30 kHz to 8 MHz. The SCK line in its 
current state is configured to 4 MHz and from reading Microchip’s comments in the code, 4 
MHz is the maximum frequency due to the media powering up in open drain mode.  
To accomplish some of the processes in the software design in figure 4-3 Microchip 
provides API’s to read and write to the SD memory card through the SPI using their 
MMDDFS library. For more specific information on the library and personal findings for the 
data logging portion, please refer to the datasheet [6] and the Appendix A. 
e. Controller to PC Interface 
The PIC24FJ256GB110 has support for USB. There are many different modes of USB 
such as host, device, or On-The-Go (OTG). The mode used for the SuPER Controller is 
device mode. Device mode allows the SD memory card to act as a drive on the PC. This 
allows the user to open the created file on the SD memory card and graph the data through 
Excel since the file on the SD memory card is in CSV format. Microchip provides a demo 
program that shows how to setup the PIC24FJ256GB110 with all the necessary files as a 
USB device. These files provide the necessary API’s for USB device mode. For more 
information on the API’s please refer to appendix A. 
Figure 4-10 shows the two lines for communication between the two devices. Figure 4-11 
shows a line for VBUS and GND. VBUS is used to tell the PIC24FJ256GB110 that there is a 
USB connection. The USB connector in figure 4-11 is a female type B connector which is 
shown in figure 4-12. Figure 4-13 shows the circuit that is connected to the USB connector. 
The values for the components were taken from the datasheet [15]. The female type B 
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connector does not have to be used in the final design. There are many different types of 
USB connectors all of which work for the SuPER Controller.  
PIC24FJ256GB110 PC
D+
D-
 
Figure 4-10: USB Block Diagram 
 
RG0
D +
RG1
D -
RG15
VBUS
GND
GND
Explorer 16
PICTail™ Plus
Connector
PCUSB Cable
D -
D -
GND
GND
D +
D +
5V
VBUS
USB Connector
 
Figure 4-11 USB Pin Diagram 
 
Figure 4-12 USB Female Type B Connector 
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D -
D -
GND
GND
D +
D +
5V
VBUS
USB Connector
2µF150k
 
Figure 4-13 USB Connector Setup 
The software Microchip provides also includes the USB device stack and the USB 
Device interrupt. In the USB device stack there are also the need for a mass storage device 
driver on the PIC24FJ256GB110 and another driver for the PC. The mass storage device 
driver allows the SD memory card to act as a USB device on the PC. The PC driver is needed 
for windows to recognize the device. 
V. Testing and Results 
The SuPER Controller is in a fully functional state and meets all the senior project 
specifications. The SuPER Controller can communicate through the I2C™ to the SuPER 
Digitizer board, SPI to the SD memory card and PC USB to the SD memory card. The data is 
logged to a CSV file in batches and not in real time. The SuPER Controller can log data 
while the USB cable is plugged in however, the file will not show the data that was logged 
until the user physically unplugs and plugs the USB cable back in.  
a. Performance Tests 
The following tests are to test the performance limitations of the SuPER Controller. 
• I2C™ - maximum rate from SuPER Digitizer Board 
The first test will consist of changing the frequency of the SCL to determine 
how high the frequency can reach until the data is corrupted. This will determine 
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the instantaneous rate at which data from the SuPER Digitizer will be sent to the 
SuPER Controller. 
The second test will consist of using the current state of the SuPER Controller 
frequency of 347.8 kHz to determine the amount of interrupt requests the SuPER 
Digitizer can handle per second. 
• SPI – SD Memory Card Read/Write 
The first test will determine the instantaneous rate at which data can be 
written and read to the SD memory card through the SPI.  
The second test will determine the transaction rate for which data can be 
written and read to the SD memory card.  
• USB – SD Memory Card Read/Write 
This test will determine the instantaneous rate at which data can be written 
and read to the SD Memory Card through USB. 
b. Performance Test Results 
• I2C™ - Maximum Rate from SuPER Digitizer Board 
When testing the transaction rate limitations of the SuPER Controller it was 
realized that the clock signal frequency of I2C™ is not the limitation of how fast 
the SuPER Controller can continuously receive data but is limited to how many 
requests the SuPER Controller can make to the SuPER Digitizer. This was 
realized when the SuPER Digitizer interrupts could not keep up with the requests 
from SuPER Controller which resulted in the SuPER Controller to not function 
properly. However if the read requests are at a high enough time interval then the 
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SuPER Digitizer can keep up, which is when the clock frequency will determine 
the fastest instantaneous rate the SuPER Controller can receive data. 
The maximum SCL signal frequency tested was at 800 kHz, and figure 5-1 
shows a byte of data being sent in 10.5 µs which is 95.24 kB/s. Also note during 
these tests it was found that the lowest frequency that the SuPER Controller can 
successfully write data to the SD memory card is at 300 kHz.  
 
Figure 5-1: I2C™ Byte of Data at 800 kHz 
The maximum consistent transaction rate the SuPER Controller can make at a 
frequency of 347.8 kHz during this test was about 72.41 reads/s or about an 
average of 362.05 B/s. This transaction rate was tested by doing a simple 
increment calculation inside the interrupt along with logic to roll the value over 
once it reached the max value. There were five bytes of data per read request 
(transaction), and the results are shown in Table 5-1. From this test, the 
transaction rate gives a gauge of the amount of reads per second the SuPER 
Controller can do without causing the SuPER Digitizer to malfunction. 
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Table 5-1: Read Requests with Interrupt Limitations  
Test Amount of Entries Time (s) Transactions (reads/s) Average Effective Transactions (B/s) 
1 1323 18 73.50 367.50 
2 1015 14 72.50 362.50 
3 989 13 76.08 380.40 
4 1955 27 72.41 362.05 
5 2220 30 74.00 370.00 
6 1557 21 74.14 370.70 
7 2544 34 74.82 374.10 
8 1862 25 74.48 372.40 
9 642 8 80.25 401.25 
10 4715 64 73.67 368.35 
 
• SPI – SD Memory Card Read/Write from SD 
The clock frequency for the SPI is running at 4 MHz which is the maximum 
that it can run due to the architecture of the SPI on the PIC24FJ256GB110. Figure 
5-2 shows a byte of data sent at 1.85 µs which gives an instantaneous rate of 
540.54 kB/s. 
Since the limiting factor to read and write to the SD memory card is the I2C™ 
the maximum consistent transactions the SuPER Controller can handle is 72.41 
reads/s or about an average of 362.05 B/s for one SuPER Digitizer connection. 
 
Figure 5-2: SPI Byte of Data at 4 MHz 
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• USB – SD Memory Card Read/Write from PC 
The USB is setup by the standards of the USB 2.0 specifications [16] which 
says that data is sent at 60 MB/s. However since the limiting factor for the USB is 
the SPI connection to the SD memory card which has a rate of data transfer of 
540.54 kB/s. 
Figure 5-3 shows the initialization process when the USB connects to the PC. 
Notice the quick toggle of the D+ line. This indicates that a USB connection has 
been made, and it starts running the USB protocol. The top 4 lines are for the SPI. 
Figure 5-3 shows the time it takes for the microcontroller to setup the SD memory 
card as a device on the PC which is about 2.57 seconds. This time is measured 
from the moment the USB cable is plugged in to when there is no longer any 
communication  to the SD memory card. However the amount of time the PC 
takes to recognize may vary from PC to PC. The PC specs for this test is an Intel 
Pentium 4 2.0 GHz processor with 1 GB of RAM.  
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Figure 5-3: USB Startup 
VI. Conclusion  
a. State of SuPER Controller Board Development 
The current state of the SuPER Controller is fully functional and meets all the 
specifications of the senior project in section III b. The design will currently send a 
read request to the SuPER Digitizer then either create a file on the SD memory card 
and write the data to the file or write data to the existing file, which all happens when 
button 1 is pressed on the Explorer 16. A USB cable can be plugged in to the PC 
which brings up a USB drive that contains the file created with the stored data. 
However the design for this prototype of the SuPER Controller does not allow for real 
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time display of the data on the PC. Instead the data can be downloaded from the SD 
memory card onto the PC which then can be opened through excel. While the USB 
cable is plugged into the PC the data logged during this time will not show up on the 
file until the USB cable is unplugged and plugged back in.  
The performance testing done in section V should be considered preliminary and 
conservative. The limiting factor of the SuPER Controller is the I2C™ since it has the 
slowest running clock frequency compared to SPI and USB. Another reason the 
I2C™ is the limiting factor is because of the SuPER Digitizer interrupt requests from 
the SuPER Controller cannot keep up if requests are sent continuously at a clock 
frequency of 347.8 kHz. The maximum consistent amount of read requests per second 
found from testing is 72.41 reads/s. 
b. Recommendations for the Future 
My recommendation for expansions on this prototype is to work on a design to be 
able to view the logged data on the SD memory card in real time. Once that is 
complete then the next step should be going from communication to one SuPER 
Digitizer to multiple SuPER Digitizer boards. Once there is communication between 
multiple SuPER Digitizer boards then the SuPER Controller will come into its final 
stages. In order to reach these stages I would recommend using the Saleae Logic 
Analyzer to view what is being sent across. Also I would recommend using the debug 
and watch variables commands in MPLAB to see what is going on in the software. 
These two things alone have made this phase of the prototype of the SuPER 
Controller much easier to develop as the project went on. 
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Appendix A: Development Lessons Learned 
a. Hardware Notes 
• Make sure to look at the plug in module (PIM) data sheet to see the pins that are 
connected to the PICtail™ plus connector [15]. 
• I created an excel sheet that maps the pins from the PIC24FJ256GB110 to the 
PICtail™ plus connector which is located in the software CD. 
b. I2C™ Notes 
• When creating addresses on the slave the slave address register is 8 bits. However on 
the master the address is 7 bits plus an R/W bit. For example if the slave address is 
0x30 then the write address for the master is 0x60. Notice how the master write 
sends out 0x60 instead of 0x30. This is due to bit 0 being an R/W bit which shifts the 
address to the left (see figure  below).  
Bit 7 6 5 4 3 2 1 0 
Data Slave Address R/W 
Figure A-1: I2C™ Addressing 
• When using I2C™ without interrupts the module will have to be reinitialized every 
time you want to read or write to the slave. This is due to having to close down the 
I2C™ line after receiving or writing all the necessary data in order to keep 
proceeding. 
• All of the I2C™ code is contained within the main.c file 
• There is a help file that shows the entire API’s for the I2C™ module which is located 
in the folder where the MPLab C30 compiler was installed. During this build of the 
project the directory of the help file is located in 
30 
 
 
Microchip/mplabc30/v3.25/docs/periph_lib/ Microchip PIC24F Peripheral 
Library.chm 
c. SPI and SD Notes 
• SPI code is located in the SD-SPI.c file. This file also includes functions to work 
with MMDDFS. No modifications were made to this file. 
• The FSIO.c creates the MMDDFS on the SD memory card so that the user can use 
the functions in the SD-SPI.c file to write and read from the SD memory card. No 
modifications were made to this file. 
• The URL to download the MMDDFS along with the demos is located at 
<http://www.microchip.com/stellent/idcplg?IdcService=SS_GET_PAGE&nodeId=2
680&dDocName=en547784> 
• Once the Microchip Applications Library is downloaded there is a help file located 
in Microchip/Help/MDDFS Library Help.chm. This help file gives an easy way to 
navigate through the many API’s in the MDDFS Library. 
d. USB Notes 
• There are three c files for the USB which are usb_device.c, usb_function_msd.c, and 
usb_descriptors.c. No modifications were made to these files that Microchip 
provided. 
• Please see SPI notes to download the USB framework and demos that makes use of 
the framework. 
• Once the Microchip Applications Library is downloaded there is a help file located 
in Microchip/Help/MCHPFSUSB Library Help.chm. 
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• It doesn’t matter what type of USB connection is used. I chose a Type B connector 
because it’s easier to plug into a breadboard. However, for the final design I 
recommend using either the mini B or micro B connector depending on cable 
connector preference. These types of connectors are much smaller than the type B 
connector. 
e. MPLAB Notes 
• During the development of this prototype for the SuPER Controller MPLAB version 
8.63 was used. 
• During the development of the prototype for the SuPER Controller MPLAB C30 
version 3.25 was used. 
• To dock the windows to the edges of the screen in MPLAB right click on the top left 
of the window and click dockable. Then drag the window to the side of your 
choosing in the MPLAB environment as shown in figure A-2 
 
Figure A-2: MPLAB Environment 
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Appendix B: Software CD Readme File 
This CD contains the following items: 
• SuPER Controller Code 
• Datasheets used in the project 
• Excel sheet of the PICtail™ pin mapping 
• Microchip demos 
• MMDDFS library 
• USB library 
The source code for the SuPER Controller has many files such as 
• Main.c which contains the main loop and all the initializations for the program. This file 
also contains the code for the I2C™ and RTCC as well as various USB functions.  
• FSIO.c, SD-SPI.c are files for the MMDDFS library which also integrates the SPI to be 
able to read and write to the SD memory card. A help file located in the folder 
microchip/help/MDDFS Library Help.chm can be very useful. 
• USB_device.c, USB_function_msd.c, usb_descriptors.c are all files for the USB 
framework. A help file located in the folder microchip/help/MCHPFSUSB Library 
Help.chm can be very useful. 
• Various header files which maps the pins to useful names and sets various configurations 
for the USB and MMDDFS. 
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Appendix C: PICtail™ pin mapping 
Table C-1: PICtail™ Pin Mapping 
PICtail™  Pin Explorer16 socket 100 pin PIC24FJ256GB110 
1 RB2 23 RB2/RP13/AN2/SS1 
2 RF2 9 RC4/RPI41 
3 RF6 25 RB0/RP0/AN0/SCK1 
4 RF3 52 RF2/RP30/U1RX 
5 RF7 77 RD2/RP23/SDI1 
6 RG2 66 RA14/RPI36/SCL1 
7 RF8 53 RF8/RP15/SDO1 
8 RG3 67 RA15/RPI35/SDA1 
9 GND 
 
VSS 
10 GND 
 
VSS 
11 RB0 34 RB10/PMPA13 
12 RB1 24 RB1/RP1/AN1 
13 RB3 22 RB3/AN3 
14 RB4 21 RB4/RP28/AN4 
15 GND 
 
VSS 
16 GND 
 
VSS 
17 RE9 18 RE9/RPI34/INT1 
18 RE8 19 RE8/RPI33/INT2 
19 RD14 47 RD14/RPI43 
20 RD15 48 RD15/RP5 
21 3.3 
  22 3.3 
  23 5 
  24 5 
  25 9 
  26 9 
  27 RG0 57 RG2/D+ 
28 RF0 87 RF0/PMPCS2/CD 
29 RG1 56 RG3/D- 
30 RF1 88 RF1/PMPCS1/WD 
31 
   32 
   33 RG9 14 RG9/RP27/PMPA2/SS2 
34 RF4 49 RF4/RP10/U2RX 
35 RG6 10 RG6/RP21/PMPA5/SCK2 
36 RF5 50 RF5/RP17/U2TX 
37 RG7 11 RG7/RP26/PMPA4/SDI2 
34 
 
 
38 RA2 58 RA2/SCL2 
39 RG8 12 RG8/RP19/PMPA3/SDO2 
40 RA3 59 RA3/SDA2 
41 GND 
 
VSS 
42 GND 
 
VSS 
43 RB8 32 RB8/RP8/AN8 
44 RB9 33 RB9/RP9/AN9 
45 RA9 28 RA9/PMPA7 
46 RA10 29 RA10/PMPA6 
47 GND 
  48 GND 
  49 RA15 79 RD12/RPI42 
50 RA14 8 RC3/RPI40 
51 RF12 40 RF12/RPI32/U2CTS 
52 RF13 39 RF13/RP31/U2RTS 
53 3.3 
  54 3.3 
  55 5 
  56 5 
  57 9 
  58 9 
  59 
   60 RG0 57 RG2/D+ 
61 
   62 RG1 56 RG3/D- 
63 
   64 
   65 RG15 1 RG15/VBUS 
66 RG13 97 RG13 
67 RG12 96 RG12 
68 RG14 51 RF3/RP16/U1TX 
69 RA0 17 RA0 
70 RA1 38 RA1 
71 RA4 60 RA4 
72 RA5 61 RA5 
73 RA6 91 RA6 
74 RA7 92 RA7 
75 RB6 26 RB6/RP6/AN6 
76 RB7 27 RB7/RP7/AN7 
77 RB5 20 RB5/RP18/AN5/SCK1 
78 MCLR 
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79 RB10 34 RB10/AN10 
80 RB11 35 RB11/AN11 
81 RB12 41 RB12/AN12 
82 RB13 42 RB13/AN13 
83 RB14 43 RB14/RP14/AN14 
84 RB15 44 RB15/RP29/AN15 
85 RC1 6 RC1/RPI38 
86 RC2 7 RC2/RPI39 
87 RC3 1 RG15/VBUS 
88 RC4 95 RG14 
89 RC13 73 RC13 
90 RC14 74 RC14/RPI37 
91 
   92 
   93 RD0 72 RD0/RP11/INT0 
94 RD1 76 RD1/RP24 
95 RD2 89 RG1 
96 RD3 78 RD3/PMPBE 
97 RD4 81 RD4/RP25/PMPWR 
98 RD5 82 RD5/RP20/PMPRD 
99 RD6 83 RD6/SDA2 
100 RD7 84 RD7/SCL2 
101 RD8 68 RD8/RP2 
102 RD9 69 RD9/RP4 
103 RD10 70 RD10/RP3 
104 RD11 71 RD11/RP12 
105 RD12 90 RG0 
106 RD13 80 RD13 
107 3.3 
  108 3.3 
  109 RE0 93 RE0/PMD0 
110 RE1 94 RE1/PMD1 
111 RE2 98 RE2/PMPD2 
112 RE3 99 RE3/PMPD3 
113 RE4 100 RE4/PMPD4 
114 RE5 3 RE5/PMPD5 
115 RE6 4 RE6/PMPD6/SCL3 
116 RE7 5 RE7/PMPD7/SDA3 
117 
   118 
   119 GND 
 
VSS 
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120 GND 
 
VSS 
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Appendix D: Analysis of Senior Project Design
Project Title: Controller Board Prototype Development for the Cal Poly SuPER Project
Student's Name: Clifford Susa Student's Signature:
Advisor's Name: Dr. James Harris Advisor's Initials: 3^ *^ Date:
Summary of Functional Requirements:
This project provides a prototype of the SuPER Controller for the SuPER Project. This
T
prototype reads data from I C™ and stores the data onto an SD memory card which can be
read on a PC through USB.
Primary Constraints:
The major constraint for this project was time. Also since this prototype is in the
beginning stages of the SuPER Controller it is difficult to be able to fully test and design to
meet all the final requirements since other parts have not yet been designed.
Economic:
There was no cost for this project due to all of the equipment being paid for by Dr.
Harris. As for the development time it took a while to get lab space, hardware, and
documentation for the hardware to get started. Once that was all completed I spent at least 20
hours a week to develop the project.
If manufactured on a commercial basis:
Since this project is just the prototype of the SuPER Controller it was not determined
how much it will cost to create a fully functional board to implement on the SuPER Project.
Environmental:
There are no known environmental impacts at this stage of the prototype.
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Manufacturability: 
 There are no known manufacturing challenges at this stage of the prototype. 
Sustainability: 
The overall SuPER project is to provide sustainable electrical power. The SuPER 
Controller is powered by the SuPER project which when in its final state will have reduced 
the amount of power consumed from previous designs and will provide more power for use. 
Ethical: 
The SuPER project is a nonprofit project that will provide developing countries with 
energy to move technologically forward. 
Health and Safety: 
The SuPER Controller is low voltage and lower power which has low risks to cause death 
to animals or human beings. However the SuPER project itself has some high voltage 
components and will need to be packaged in such a way that nobody will suffer injury. 
Social and Political: 
The social and political concern with this project is helping two billion people get access 
to electrical power to increase their standard of living. 
Development: 
Some new tools I have learned during the development of this project are Microchip 
microcontrollers, MPLAB, and Saleae Logic Analyzer. 
